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A B S T R A C T
In the present report 15 day-old rats were injected with 0.3 mmol of diphenyl ditelluride (PhTe)2/kg body
weight and parameters of neurodegeneration were analyzed in slices from cerebellum 3 and 6 days
afterwards. The earlier responses, at day 3 after injection, included hyperphosphorylation of
intermediate ﬁlament (IF) proteins from astrocyte (glial ﬁbrillary acidic protein – GFAP – and vimentin)
and neuron (low-, medium- and high molecular weight neuroﬁlament subunits: NF-L, NF-M and NF-H);
increased mitogen-activated protein kinase (MAPK) (Erk and p38MAPK) and cAMP-dependent protein
kinase (PKA) activities. Also, reactive astrogliosis takes part of the early responses to the insult with
(PhTe)2, evidenced by upregulated GFAP in Western blot, PCR and immunoﬂuorescence analysis. Six
days after (PhTe)2 injection we found persistent astrogliosis, increased propidium iodide (PI) positive
cells in NeuN positive population evidenced by ﬂow cytometry and reduced immunoﬂuorescence for
NeuN, suggesting that the in vivo exposure to (PhTe)2 progressed to neuronal death. Moreover, activated
caspase 3 suggested apoptotic neuronal death. Neurodegeneration was related with decreased
[3H]glutamate uptake and decreased Akt immunoreactivity, however phospho-GSK-3-b (Ser9) was not
altered in (PhTe)2 injected rat. Therefore, the present results show that the earlier cerebellar responses to
(PhTe)2 include disruption of cytoskeletal homeostasis that could be related with MAPK and PKA
activation and reactive astrogliosis. Akt inhibition observed at this time could also play a role in the
neuronal death evidenced afterwards. The later events of the neurodegenerative process are
characterized by persistent astrogliosis and activation of apoptotic neuronal death through caspase 3
mediated mechanisms, which could be related with glutamate excitotoxicity. The progression of these
responses are therefore likely to be critical for the outcome of the neurodegeneration provoked by
(PhTe)2 in rat cerebellum.
 2012 Elsevier Inc. 
Contents lists available at SciVerse ScienceDirect
NeuroToxicology
Open access under the Elsevier OA license. 1. Introduction
The cerebellar functions include the control of attention and
other cognitive functions, emotions and mood, and social behavior.
The cerebellum is considered particularly vulnerable in the
newborn human as well as in the developing animal because of
its very rapid growth at that time (Biran et al., 2012) and the
importance of cerebellar physiology has been conﬁrmed by the* Corresponding author at: Universidade Federal do Rio Grande do Sul, Instituto
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Open access under the Elsevier OA license. frequency of neuropsychiatric disorders in individuals with
cerebellar abnormalities (Villanueva, 2012).
Cell death and neuronal loss are the key pathological hallmarks
of neurodegeneration in all the neurodegenerative disorders, with
apoptosis and necrosis being central to both acute and chronic
degenerative processes.
Astrogliosis is a hallmark of diseased CNS tissue (Pekny and
Nilsson, 2005). This term refers to progressive changes in gene
expression and cellular morphology, often including proliferation.
The activation of astrocytes is characterized by changes in their
molecular and morphological features. It is believed that progres-
sive changes in astrocytes as they become reactive are ﬁnely
regulated by complex intercellular and intracellular signaling
mechanisms. The most commonly used maker of activated
astrocytes is the upregulation of the cytoskeletal protein glial
ﬁbrillary acidic protein (GFAP), vimentin, and to some extent
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Vinters, 2010).
Neurodegeneration has already been related with disruption of
the cytoskeletal homeostasis of neural cells (Perrot and Eyer,
2009). Neuroﬁlaments (NFs) are the most abundant cytoskeletal
components of large myelinated axons from adult central and
peripheral nervous system. They are constituted of the association
of three NF subunits of low, medium and high molecular weight
(NF-L, MF-M and NF-H). The assembly, axonal transport and
functions of NF are responsible for the normal physiology of the
nervous system. Conversely, misregulation of the cytoskeletal
homeostasis might be responsible for the toxicity leading to
pathological situations and to neuronal death. Following their
synthesis and assembly in the cell body, NFs are transported along
the axon. This process is ﬁnely regulated via phosphorylation of the
carboxyl-terminal part of the two high molecular weight subunits
of NF. The correct formation of an axonal network of NF is crucial
for the establishment and maintenance of axonal calibre and
consequently for the optimisation of conduction velocity. Accord-
ingly, the frequent disorganisation of NF network is observed in
several neuropathologies (Perrot et al., 2008).
Neurotoxicity of tellurium has been reported in the literature.
In this context, inorganic tellurium treatment was found to cause
signiﬁcant impairment in retention of the spatial learning task
(Widy-Tyszkiewicz et al., 2002). But to date, no telluroproteins
have been identiﬁed in animal cells. Nowadays, two cases of
toxicity in young children from ingestion of metal-oxidizing
solutions that contained substantial concentrations of Te were
reported in the literature (Yarema and Curry, 2005). Clinical
features of acute Te toxicity include a metallic taste, nausea,
blackened oral mucosa and skin and garlic odor of the breath
(Muller et al., 1989; Taylor, 1996).
Previous data from the literature have indicated that the organic
compound of tellurium, diphenyl ditelluride (PhTe)2 is neurotoxic to
rodents and exposure to low doses of this compound can cause
cognitive impairment (Stangherlin et al., 2009). Furthermore,
(PhTe)2 can also have neurotoxic effects in vitro, including cytotoxic
effect in astrocytes (Roy and Hardej, 2011) and changes in the
phosphorylation of intermediate ﬁlaments (IFs) in slices obtained
from different brain structures of young rats (Heimfarth et al., 2011,
2012a). Most interestingly, we have recently described that young
rats injected with (PhTe)2 presented disruption of cytoskeletal
homeostasis in the striatum, which was related with neuronal
damage and astrogliosis in this brain structure 6 days after injection
of the neurotoxicant (Heimfarth et al., 2012b).
One of the prominent ﬁndings associated with the (PhTe)2-
induced injury in the striatum was the hyperphosphorylation of
astrocyte IF protein-GFAP – as well as the three NF subunits – NF-L,
NF-M and NF-H. This effect was mediated by the mitogen-activated
protein kinases (Erk, JNK and p38MAPK) and protein kinase A (PKA)
activities. Also, the (PhTe)2 injection induced reactive astrogliosis,
characterized by dramatically increased GFAP expression in the
striatum simultaneously with neuronal damage. Also, increased
caspase 3 suggested apoptotic cell death in the striatal slices 6 days
after (PhTe)2 exposure. These ﬁndings showed that (PhTe)2 is able to
cause neural dysfunction associated with cytoskeletal disruption in
the striatum of injected rats in vivo. It is largely described that
alterations of protein phosphorylation lead to brain cytoskeletal
misregulation and neural cell death. Moreover, these alterations are
associated with metabolic and neurochemical dysfunctions that
may ultimately disrupt normal cell function and viability, charac-
terizing a neurotoxic condition (Pessoa-Pureur and Wajner, 2007).
Therefore, in an attempt to better identify the signaling
mechanisms leading to IF disruption and their consequences on
neural cell function under the toxicity of (PhTe)2, we investigated
the damage caused by this neurotoxicant in the cerebellum ofyoung rats. This choice was supported by the evidence that
cerebellum is a highly vulnerable brain structure greatly implicat-
ed in the toxicity mechanisms during the ﬁrst postnatal weeks
(Biran et al., 2012). To access the toxicity of (PhTe)2 in the
cerebellum, young rats were acutely exposed to the same
concentration of the neurotoxicant able to provoke cell damage
in the rat striatum (Heimfarth et al., 2012b). Thus, in the present
report we describe the progressive disruption of the cytoskeletal
homeostasis, reactive astrogliosis and apoptotic neuronal death in
the cerebellum of young rats 3 and 6 days after (PhTe)2 injection.
Also, we aimed to investigate some mechanisms related with the
neurodegeneration elicited by the neurotoxicant.
2. Material and methods
2.1. Radiochemical and compounds
[32P]Na2HPO4 was purchased from CNEN, Sa˜o Paulo, Brazil.
Benzamidine, leupeptin, antipain, pepstatin, chymostatin, acryl-
amide and bis-acrylamide, anti-GSK3b, anti-phosphoGSK3b, anti-
PKAca, anti-PKCaMII, anti-active caspase 3, anti-AKT, anti-
phosphoAKT, anti-GFAP (St. Louis, MO, USA; DAKO), anti-vimentin,
anti-NF-L, anti-NF-M, anti-NF-H antibodies and propidium iodide
were obtained from Sigma (St. Louis, MO, USA). The chemilumi-
nescence ECL kit peroxidase and the conjugated anti-rabbit IgG
were obtained from Amersham (Oakville, Ontario, Canada). Anti-
ERK, anti-phosphoERK, anti-SAP/JNK, anti-phosphoSAP/JNK, anti-
p38, anti-phosphop38 and anti-KSP repeats, were obtained from
Cell Signaling Technology (USA). Anti-phosphoSer55NF-L, anti-
phosphoSer57NF-L and anti-NeuN antibodies were obtained from
Millipore. Anti-rabbit Alexa 488 and anti-mouse Alexa 568 were from
Molecular Probes. Fluor SaveTM was from Merck. The organochalco-
genide (PhTe)2 was synthesized using the method described by
Petragnani (1994). Analysis of the 1H NMR and 13C NMR spectra
showed that the compound obtained presented analytical and
spectroscopic data in full agreement with their assigned structures.
The purity of the compounds were assayed by high resonance mass
spectroscopy (HRMS) and was higher that 99.9%. Diphenylditelluride
was dissolved in dimethylsulfoxide (DMSO) just before use. The ﬁnal
concentration of DMSO was adjusted to 0.1%. Solvent controls
attested that at this concentration DMSO did not interfere with the
phosphorylation measurement. Platinum Taq DNA polymerase and
SuperScript-II RT pre-amplication system were from Invitrogen. All
other chemicals were of analytical grade and were purchased from
standard commercial supplier.
2.2. Animals
Fifteen day-old male and female Wistar rats were obtained
from our breeding stock. Rats were maintained on a 12-h light/12-
h dark cycle in a constant temperature (22 8C) colony room. On the
day of birth the litter size was culled to seven pups. Litters smaller
than seven pups were not included in the experiments. Water and
a 20% (w/w) protein commercial chow were provided ad libitum.
The experimental protocol followed the ‘‘Principles of Laboratory
Animal Care’’ (NIH publication 85-23, revised 1985) and was
approved by the Ethics Committee for Animal Research of the
Federal University of Rio Grande do Sul.
2.3. Drug administration, preparation and labeling of slices
The in vivo toxicity was induced by a single subcutaneous (s.c.)
injection of (PhTe)2 0.3 mmol/kg body weight or canola oil (vehicle)
(2.8 ml/kg body weight) into male and female 15-day-old Wistar
rats. The experiments were performed 3 or 6 days after injection.
The rats were killed by decapitation, the cerebellum was dissected
Table 1
Primers used for qPCR (quantitative polymerase chain reaction).
Forward primer Reverse primer
GFAP 50CAGAAGCTCCAAGATGAAACCAA 50TCTCCTCCTCCAGCGACTCAAC
Vim 50CCCAGATTCAGGAACAGCAT 50CACCTGTCTCCGGTATTCGT
NF-L 50CCATGCAGGACACAATCAAC 50CTGCAAGCCACTGTAAGCAG
NF-M 50GAGATGTATTACGCAAAGTACG50 50CCAGTATGACCTTTATTGAGC
NF-H 50ACCTATACCCGAATGCCTTCTT 50AGAAGCACTTGGTTTTATTGCAC
b-Actin 50TATGCCAACACAGTGCTGTCGG 50TACTCCTGCTTCCTGATCCACAT
TBP 50CCCCACAACTCTTCCATTCT 50GCAGGAGTGATAGGGGTCAT
GFAP, glial ﬁbrillary acidic protein; Vim, vimentin; NF-L, low molecular weight
neuroﬁlament subunit; NF-M, middle molecular weight neuroﬁlament subunit;
NF-H, high molecular weight neuroﬁlament subunit; TBP, TATA box binding
protein.
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with a McIlwain chopper.
2.4. Preincubation
Before the experiments of in vitro phosphorylation, tissue slices
were stabilized for 20 min at 30 8C in a Krebs-Hepes medium
containing 124 mM NaCl, 4 mM KCl, 1.2 mM MgSO4, 25 mM Na-
HEPES (pH 7.4), 12 mM glucose, 1 mM CaCl2, and the following
protease inhibitors: 1 mM benzamidine, 0.1 mM leupeptin, 0.7 mM
antipain, 0.7 mM pepstatin and 0.7 mM chymostatin.
2.5. In vitro 32P incorporation experiments
After stabilization, the preincubation medium was changed and
incubation was carried out at 30 8C with addition of 100 ml of the
basic medium containing 80 mCi of [32P] orthophosphate. The
labeling reaction was normally allowed to proceed for 30 min at
30 8C and stopped with 1 ml of cold stop buffer (150 mM NaF,
5 mM, EDTA, 5 mM EGTA, l50 mM Tris–HCl, pH 6.5), and the
protease inhibitors described above. Excess of radioactivity was
removed from the slices by two washed with stop buffer.
2.6. Preparation of the high salt-Triton insoluble cytoskeletal fraction
from tissue slices
After 32P-orthophosphate labeling reaction, the IF-enriched
cytoskeletal fractions were extracted, from the cerebellum slices,
as described by Funchal et al. (2003). Brieﬂy, after the incubation,
slices were homogenized in 400 ml of ice-cold high salt buffer
containing 5 mM KH2PO4, pH 7.1, 600 mM KCl, 10 mM MgCl2,
2 mM EGTA, 1 mM EDTA, 1% Triton X-100 and the protease
inhibitors described above. The homogenate was centrifuged at
15,800  g for 10 min at 4 8C, in an Eppendorf centrifuge, the
supernatant discarded and the pellet homogenized with the same
volume of the high salt medium. The resuspended homogenate
was centrifuged as described and the supernatant was discarded.
The Triton-insoluble pellet, containing NF subunits, Vim and GFAP
was considered the IF-enriched cytoskeletal fraction. It was
dissolved in 1% SDS and protein concentration was determined.
2.7. Polyacrylamide gel electrophoresis (SDS-PAGE)
Equal protein concentrations of the IF-enriched cytoskeletal
fraction from controls and (PhTe)2 treated animals were loaded
onto 10% polyacrylamide gels and analyzed by SDS-PAGE
(Laemmli, 1970). After drying, the gels were exposed to T-MAT
ﬁlms at 70 8C with intensifying screens and ﬁnally the
autoradiograph was obtained. Cytoskeletal proteins were quanti-
ﬁed by scanning the ﬁlms with a Hewlett-Packard Scanjet 6100C
scanner and determining optical densities with an Optiquant
version 02.00 software (Packard Instrument Company). Density
values were obtained for the studied proteins.
2.8. Preparation of total protein homogenate
Tissue slices were homogenized in 100 ml of a lysis solution
containing 2 mM EDTA, 50 mM Tris–HCl, pH 6.8, 4% (w/v) SDS. For
electrophoresis analysis, samples were dissolved in 25% (v/v) of
solution containing 40% glycerol, 5% mercaptoethanol, 50 mM
Tris–HCl, pH 6.8 and boiled for 3 min.
2.9. Western blot analysis
Protein homogenate (80 mg) or cytoskeletal fraction (60 mg)
was analyzed by SDS-PAGE and transferred to nitrocellulosemembranes (Trans-blot SD semi-dry transfer cell, BioRad) for 1 h at
15 V in transfer buffer (48 mM Trizma, 39 mM glycine, 20%
methanol and 0.25% SDS). The nitrocellulose membranes were
washed for 10 min in Tris-buffered saline (TBS; 0.5 M NaCl, 20 mM
Trizma, pH 7.5), followed by 2 h incubation in blocking solution
(TBS plus 5% bovine serum albumin and 0.1% Tween 20). After
incubation, the blot was washed twice for 5 min with TBS plus
0.05% Tween-20 (T-TBS), and then incubated overnight at 4 8C in
blocking solution containing the following antibodies: anti-GFAP
(clone G-A-5) diluted 1:500, anti-vimentin (Vim 13–12) diluted
1:400, anti-NF-L (clone NR-4) diluted 1:1000, anti-NF-M (clone
clone NN-18) diluted 1:400, anti-NF-H (clone N52) diluted 1:1000,
anti-ERK1/2 diluted 1:1000, anti-phosphoERK diluted 1:1000,
anti-SAP/JNK diluted 1:1000, anti-phosphoSAP/JNK (clone 98F2)
diluted 1:1000, anti-p38MAPK (clone A-12) diluted 1:1000, anti-
phosphop38MAPK diluted 1:1000, anti-PKAca diluted 1:1000,
anti-AKT (clone 2H10) diluted 1:1000, anti-phosphoAKT (clone
244F9) diluted 1:1000, anti-active caspase 3 diluted 1:1000, anti-
GSK3b (clone 27C10) diluted 1:1000, anti-phosphoGSK3b, anti-
KSP repeats (clone NP1) diluted 1:1000, anti-phoshoNF-LSer55
diluted 1:800, diluted 1:1000 or anti-actin diluted 1:1000. The blot
was then washed twice for 5 min with T-TBS and incubated for 2 h
in blocking solution containing peroxidase conjugated anti-rabbit
IgG diluted 1:2000 or peroxidase conjugated anti-mouse IgG
diluted 1:2000. The blot was washed twice again for 5 min with T-
TBS and twice for 5 min with TBS. The blot was then developed
using a chemiluminescence ECL kit. Immunoblots were quantiﬁed
by scanning the ﬁlms with a Helwett-Packard Scanjet 6100C
scanner and determining optical densities with an OptiQuant
version 02.00 software (Packard Instrument Company). Optical
density values were obtained for the studied proteins.
2.10. RNA extraction, cDNA synthesis and quantitative PCR
RNA was isolated from whole cerebellum using the TRIzol
Reagent (Invitrogen). Approximately 2 mg of total RNA were added
to each cDNA synthesis reaction using the SuperScript-II RT pre-
amplication system. Reactions were performed at 42 8C for 1 h
using the primer T23V (50 TTT TTTTTTTTTTTTTTT TTTTTV).
Quantitative PCR ampliﬁcation was carried out using speciﬁc
primer pairs designed with Oligo Calculator version 3.02 (http://
www.basic.nwu.edu/biotools/oligocalc.html) and synthesized by
IDT (MG, Brazil). The sequences of the primers used are listed in
Table 1. Quantitative PCRs were carried out in an Applied-
Biosystem Step One Plus real-time cycler and done in quadrupli-
cate. Reaction settings were composed of an initial denaturation
step of 5 min at 95 8C, followed by 40 cycles of 10 s at 95 8C, 10 s at
60 8C, 10 s at 72 8C; samples were kept for 1 min at 60 8C for
annealing and then heated from 55 to 99 8C with a ramp of 0.3 8C to
acquire data to produce the denaturing curve of the ampliﬁed
products. Quantitative PCRs were made in a 20 ml ﬁnal volume
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50–100 times, 2 ml of 10 times PCR buffer, 1.2 ml of 50 mM MgCl2,
0.4 ml of 5 mM dNTPs, 0.8 ml of 5 mM primer pairs, 3.55 ml of
water, 2.0 ml of SYBRgreen (1:10,000 Molecular Probe), and 0.05 ml
of Platinum Taq DNA polymerase (5 U/ml). All results were
analyzed by the 2-DDCT method (Livak and Schmittgen, 2001).
TBP (TATA box binding protein) was used as the internal control
gene for all relative expression calculations (Andrade et al., 2008).
2.11. Immunoﬂuorescence
Twelve pups (six for group) were anesthetized using ketamine/
xylazine (75 and 10 mg/kg, respectively, i.p.) and were perfused
through the left cardiac ventricle with 40 ml of 0.9% saline solution,
followed by 40 ml of 4% paraformaldehyde in 0.1 M phosphate
buffered saline (PBS), pH 7.4, and the descendent aorta was
clamped. After the perfusion the brains were removed, post-ﬁxed
in the same ﬁxative solution for 4 h at room temperature and
cryoprotected by immersing in 15% and after in 30% sucrose
solution in PBS at 4 8C. The brains were then frozen by immersion
in isopentane cooled with CO2 and stored in a freezer (80 8C) for
later analyses. Serial coronal sections (40 mm) of cerebellum were
obtained using a cryostat at 20 8C (Leica). The free-ﬂoating
sections were incubated two overnights with rabbit polyclonal
anti-GFAP and mouse anti-NeuN (clone A60), diluted 1:3000 and
1:1000, respectively, in PBS containing 0.3% Triton X-100 (PBS-
Triton X-100 0.3%) and 2% bovine serum albumin (BSA 2%). The
negative controls were performed omitting the primary anti-
bodies. After washing several times in PBS, tissue sections were
incubated with anti-rabbit Alexa 488 and anti-mouse Alexa 568,
both diluted 1:500 in PBS-Triton X-100 0.3% and BSA 2% for 1 h at
room temperature. Afterwards, the sections were washed several
times in PBS, transferred to gelatinized slides, mounted with Fluor
SaveTM, covered with coverslips and sealed with nail polish. The
images were obtained with an Olympus IX-81 confocal FV-1000
microscope and analyzed with an Olympus Fluoview software.
2.12. Flow cytometry analysis
Cerebellum was dissociated with PBS/Colagenase/DNAse,
washed once with PBS then suspended in PBS/Colagenase
containing 10 mg/ml propidium iodide (PI). The integrity of plasma
membrane was assessed by determining the ability of cells to
exclude PI. The cells were incubated at room temperature in the
dark for 30 min, washed with PBS and centrifuged at 3000 rpm for
5 min at 4 8C to remove the free PI. Afterwards, the cell was
permeabilized with 0.2% PBS Triton X-100 in for 10 min at room
temperature and blocked for 15 min with BSA 5%. After blocking,
cells were incubated in blocking solution containing the monoclo-
nal antibodies anti-NeuN (clone A60) diluted 1:100 or anti-GFAP
diluted 1:100, for 2 h. The cells were washed twice with PBS and
incubated for 1 h in blocking solution containing FITC-anti-rabbit
IgG diluted 1:200 or Alexa 488-anti-mouse IgG diluted 1:200. The
levels of PI incorporation, levels of positive NeuN cells and positive
GFAP cells were determined by ﬂow cytometry (FACS Calibur,
Becton Dickinson, Franklin Lakes, NJ, USA). FITC or Alexa Fluor 488
and PI dyes were excited at 488 nm using an air-cooled argon laser.
Negative controls (samples with the secondary antibody) were
included for setting up the machine voltages and to determine the
negative region of dot plot. Controls stained with a single dye
(Alexaﬂuor 488 or FITC and propidium iodide) were used to set
compensation. The emission of ﬂuorochromes was recorded
through speciﬁc band-pass ﬂuorescence ﬁlters: green (FL-1;
530 nm/30) and red (FL-3; 670 nm long pass). Fluorescence
emissions were collected using logarithmic ampliﬁcation. In brief,
data from 10,000 events (intact cells) were acquired and the meanrelative ﬂuorescence intensity was determined after exclusion of
debris events from the data set. All ﬂow cytometric acquisitions
and analyses were performed using Flow Jo software. Flow
cytometry data were analyzed and plotted by density as a dot
plot which shows the relative FL1 ﬂuorescence on the x-axis and
the relative FL3 ﬂuorescence on the y-axis. The quadrants to
determinate the negative and positive area were placed on no
stained samples (samples stained just with secondary antibody).
The number of cells in each quadrant was computed and the
proportion of cells stained with PI, GFAP and NeuN were expressed
as percentage of PI uptake and percentage of astrocytes or neuron,
respectively.
2.13. Glutamate uptake
The animals were decapitated, and the brain was immediately
removed and submerged in Hank’s balanced salt solution (HBSS)
containing 137 mM NaCl, 0.63 mM Na2HPO47H2O, 4.17 mM
NaHCO3, 5.36 mM KCl, 0.44 mM KH2PO4, 1.26 mM CaCl22H2O,
0.41 mM MgSO47H2O, 0.49 mM MgCl26H2O, and 1.11 mM
glucose, adjusted to pH 7.2. Cerebellum was dissected, and cortical
slices (400 mm) were obtained using a McIlwain chopper. The
slices were washed with HBSS, and the sections were ﬁnally
separated with the help of a magnifying glass. Glutamate uptake
was performed according to Frizzo et al. (2002). Brieﬂy, slices were
preincubated at 35 8C for 15 min. Incubation was carried out at
35 8C by adding 12.2 MBq/L L3[H]glutamate and 100 mM unlabeled
glutamate in HBSS to the incubation system. The reaction was
stopped after 7 min by ﬁve ice-cold washes with 0.5 ml HBSS,
immediately followed by addition of 0.5 M NaOH, which was kept
overnight. Sodium independent uptake (nonspeciﬁc uptake) was
determined by using N-methyl-D-glucamine instead of sodium
chloride. Sodium dependent uptake was calculated as the
difference between the uptake measured in a medium containing
sodium and the uptake measured in a similar medium in the
absence of sodium. Radioactivity incorporated was determined
with a Wallac scintillation spectrometer. Protein concentration
was measured. All experiments were performed in triplicate, and
the mean was used for the statistical calculations.
2.14. Protein determination
The protein concentration was determined by the method of
Lowry et al. (1951) using serum bovine albumin as the standard.
2.15. Statistical analysis and allocation of animals
Data were analyzed statistically by one-way analysis of
variance (ANOVA) followed by the Tukey–Kramer multiple
comparison test when the F-test was signiﬁcant. All analyses
were performed using the SPSS software program on an IBM-PC
compatible computer.
In an attempt to minimize the number of animals used in this
study, the same ones provided samples for Western blot analysis,
PCR and IF phosphorylation experiments carried out 6 days after
injection. However, [3H]glutamate uptake, immunohistochemistry
and ﬂow cytometry used additional animals. Moreover, most
animals that provided cerebellum samples for the experiments 6
days after injection had provided striatum samples for our
previous study.
3. Results
Slices from rat cerebellum injected with 0.3 mmol (PhTe)2/kg
body weight were incubated with 32P-orthophosphate and the
phosphorylation pattern of astrocyte (GFAP and vimentin) as well
Fig. 1. Effect of a single subcutaneous injection of (PhTe)2 on the in vitro phosphorylation of IF proteins in cerebellum of rats 3 (A) or 6 (B) days after the injection. NF-H, high
molecular weight neuroﬁlament, NF-M, middle molecular weight neuroﬁlament subunit; NF-L, low molecular weight neuroﬁlament subunit; Vim, vimentin and GFAP, glial
ﬁbrillary acidic protein. Representative stained gels and autoradiographs of the proteins studied are shown (C). Data are reported as means  S.E.M. of 8–10 animals and
expressed as percent of control. Statistically signiﬁcant differences from canola oil-treated rats, as determined by one way ANOVA followed by Tukey–Kramer test are indicated:
*P < 0.05.
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6 days afterwards. As depicted in Fig. 1A, we found hyperpho-
sphorylation of all the cerebellar IF proteins studied 3 days after
injection, however phosphorylation levels returned to control
levels 6 days after the injection (Fig. 1B). Fig. 1C shows a
representative phosphorylation experiment.
Next, we examined the involvement of MAPKs and PKA
respectively in the actions of the neurotoxicant. Results showed
that the MAPK signaling is activated in cerebellar slices 3 days after
injection (Fig. 2A, C and E) returning to control levels 6 days after
injection (Fig. 2B, D and F). As demonstrated by the increased
immunoreactivity observed for phosphoErk (Fig. 2A) and phos-
phop38MAPK (Fig. 2E), these kinases were involved in the
hyperphosphorylation induced by (PhTe)2 3 days after injection,
as determined by Western blot analysis with speciﬁc monoclonal
antibodies. However, phosphoJNK (Fig. 2C) was not activated until
6 days after injection. Fig. 2G shows representative blots of total
and phosphoforms of the kinases studied. The effect (PhTe)2 on
PKA activity is depicted in Fig. 3. Results show an increased
cerebellar PKAca immunoreactivity detected by Western blot
assay only 3 days after injection (Fig. 3A), returning to control
levels at day 6 (Fig. 3B). Representative blot corroborate these
ﬁndings.
In an attempt to identify the phosphorylating sites targeted by
the protein kinases PKA and MAPK in the cerebellum, we assayed
NF-LSer55 on NF-L head domain as well as KSP repeats on NF-M/
NF-H tail domain, respectively. As depicted in Fig. 4, results
obtained with Western blot assay using anti-phosphoSer55
antibody and anti-NFM/NFH KSP repeats showed that the
phosphorylation level at these sites, was increased 3 days after
treatment with (PhTe)2. These ﬁndings are consistent with a role
for PKA and MAPKs in the hyperphosphorylation of the neuronal IF
proteins 3 days after injection. Representative blots are shown and
corroborate these ﬁndings.
Next, we analyzed the effect of (PhTe)2 on the immunocontent
of the IF proteins from total homogenate from cerebellum or fromprotein recovered into the high-salt Triton-insoluble cytoskeletal
fraction of tissue slices 3 and 6 days after the injection. We found
that the immunocontent of GFAP was signiﬁcantly increased in the
cerebellar homogenate and cytoskeletal fraction 3 days after
injection (Fig. 5A and B). However, 6 days after injection both GFAP
and vimentin immunocontents were signiﬁcantly increased
(Fig. 5C and D). Otherwise, the immunocontent of the neuronal
IFs (NF-L, NF-M and NF-H) was not altered in response to (PhTe)2
injection until day 6 (Fig. 5A–D). Fig. 5E refers to representative
immunoblots of the cytoskeletal proteins in total homogenate and
in the cytoskeletal fraction. Consistent with these results, RT-PCR
analysis showed over-expression of GFAP and vimentin mRNA at
day 6 after injection, while expression of NF subunits was not
altered (Fig. 5E), supporting the hypothesis of reactive astrogliosis
in this cerebral structure at this time.
For the purpose of assessing cell viability we proceed ﬂow
cytometry analysis using PI-exclusion assay to determine the
percentage of viable cells. Results showed that (PhTe)2 was not
able to alter the number of PI positive cells 3 days after injection,
however 80% increased PI positive cells were found at day 6 after
exposure to the neurotoxicant (Fig. 6A). Considering the NeuN
positive cells, we found 100% increased PI incorporation from
controls in neurons 6 days after injection, while at day 3 after
injection this number was not signiﬁcantly different from controls
(Fig. 6B). Similarly, PI incorporation into GFAP positive cells
increased 60% in response to (PhTe)2 injection only at day 6
(Fig. 6C). The number of neuronal cells was evaluated by the
speciﬁc staining with NeuN. Results showed 50% decreased NeuN
positive cells in the cerebellum 6 days after (PhTe)2 injection
(Fig. 6D). Otherwise, GFAP positive cells were 50% increased at day
3, maintaining 30% increase 6 days afterwards (Fig. 6E). Altogether,
these ﬁndings indicate that in vivo exposure to (PhTe)2 provoked
neuronal death in the cerebellum of rats at day 6 after injection.
Concerning astrocytes (GFAP positive cells), we can propose that
(PhTe)2 induced an intense cell proliferation simultaneously with
cell death. Consistent with these results, RT-PCR analysis showed
Fig. 2. Effect of (PhTe)2 on MAPK pathways by Western blot analysis. ERK1/2 (A and B), JNK (C and D) and p38 MAPK (E and F) 3 (A, C, and E) or 6 (B, D, and F) days after the
injection. Representative Western blots of the proteins studied are shown (G). Western blot of b-actin was used as loading control. Data are reported as means  S.E.M. of 8–10
animals and expressed as percent of control. Statistically signiﬁcant differences from canola oil-treated rats, as determined by one way ANOVA followed by Tukey–Kramer test are
indicated: *P < 0.05.
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NF subunits was not altered (Fig. 5E), supporting the hypothesis of
reactive astrogliosis in this cerebral structure.
To further attest alterations in NeuN expression and in
cytoskeletal astrocytic (GFAP expression) induced by the in vivo
exposure to (PhTe)2, we carried out immunoﬂuorescence analysis
of cerebellar sections. Therefore, the tissue sections were
processed for double immunoﬂuorescence for GFAP and Neu-N,and analyzed by confocal microscopy. As depicted in Fig. 7A, the
confocal analysis showed a dramatic astrogliosis in the gray and
white matters at day 3 after injection. In the molecular layer (ML)
was observed an enhanced expression of the glial processes (radial
or Bergmann ﬁbers) and in the granular layer (GL) a clear increase
in GFAP expression of protoplasmatic astrocytes was observed, in
which reactive astrocytes were characterized by increase in the
size of the cell body and/or processes. Also, results showed no
Fig. 3. Effect of (PhTe)2 on PKAc-a levels by Western blot analysis 3 (A) or 6 (B) days
after the injection. Representative Western blots of the proteins studied are shown.
Western blot of b-actin was used as loading control. Data are reported as
means  S.E.M. of 8–10 animals and expressed as percent of control. Statistically
signiﬁcant differences from canola oil-treated rats, as determined by one way ANOVA
followed by Tukey–Kramer test are indicated: *P < 0.05.
Fig. 4. Effect of (PhTe)2 on the phosphoNF-H/NF-M KSP repeats and phosphoNF-L
ser55 3 days after the injection. Representative Western blot of the proteins studied
are shown. Western blot of b-actin was used as loading control. Data are reported as
means  S.E.M. of 8–10 animals and expressed as percent of control. Statistically
signiﬁcant differences from canola oil-treated rats, as determined by one way ANOVA
followed by Tukey–Kramer test are indicated: *P < 0.05.
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and control rats (Fig. 7A) at this time. Otherwise, at day 6 after
injection we observed persistent astrogliosis and an accentuated
decrease in NeuN staining in GM and ML layers (Fig. 7B).
Moreover, Western blot analysis with anti-caspase 3 antibody
showed that in (PhTe)2 treated cerebellar slices this key caspase is
activated only 6 days after injection, meaning apoptotic cell death
(Fig. 8A and B). In an attempt to determine signaling mechanisms
involved in the neuronal death we evaluated the PI3K/Akt
signaling pathway. Western blot analysis using anti-Akt antibody
showed decreased phosphoAkt immunoreactivity (Fig. 8C and D)
in (PhTe)2 treated slices 3 and 6 days after injection, which is
compatible with down-regulated survival mechanisms in the
cerebellum of treated animals (Zhao et al., 2006). Also, it was
evaluated the GSK-3-b activity, since it is described as a kinase that
can be modulated by Akt activity (Zhao et al., 2006). We found that
phosphoGSK-3-b (Ser9) was not altered in the cerebellum of
(PhTe)2 injected rats 3 or 6 days after treatment, suggesting that
this kinase is not directly implicated in the neurotoxicity of this
compound (Fig. 8E and F). The representative immunological
reaction of active caspase 3, Akt and phosphoAkt are showing.
Since it has been described that in vitro treatment with (PhTe)2
inhibited 3[H]glutamate uptake in synaptosomes of 14 day old rats
(Souza et al., 2010), we investigated the possibility that
neurodegeneration we were evidencing could be related with
glutamate-mediated mechanisms, and results showed that 3 and 6
days after (PhTe)2 injection
3[H]glutamate uptake was decreased
(Fig. 9), suggesting that glutamate excitotoxicity could be related
with neurodegeneration provoked by the neurotoxicant in the
cerebellum of the young rats.
4. Discussion
In the present study we attempted to investigate the mecha-
nisms underlying the neurotoxicity of (PhTe)2 in the cerebellum of
15 day-old rats. In the cerebellum the ﬁrst postnatal weeks
correspond to intense maturation. Neuronal proliferation occurs in
the external granular layer (EGL), the secondary germinal zone
giving rise to the granular cells which migrate radially inward to
their ﬁnal destination in the internal granular layer (IGL). The
proliferation of granular cells is regulated by Purkinje cells (PC). In
the rat, although the extension of the lateral domain of the
dendritic tree of the PC is achieved at postnatal day 15, its ﬁnal
extension, that is, adult size, is reached at postnatal day 30 (Biran
et al., 2012). Therefore, elucidation of the biochemical steps
leading to (PhTe)2-induced neurotoxicity in this developmental
period provide us new clues to the mechanisms underlying the
actions of this neurotoxin in the cerebellum. In this context, the
high vulnerability of the cerebellum during its phase of rapid
growth is described in experimental models of undernutrition,
glucocorticoid exposure, and X-irradiation (Dobbing et al., 1970;
Dobbing and Sands, 1973; Dobbing, 1974).
There is nowadays compelling evidence for the critical role of
the cytoskeleton in neurodegeneration (Lee et al., 2011). Aberrant
NF phosphorylation is a pathological hallmark of many human
neurodegenerative disorders, as well as is found after stressor
stimuli (Sihag et al., 2007; Perrot and Eyer, 2009), reﬂecting an
altered activity of the phosphorylating system associated with the
IF proteins. The present results are consistent with a role for the
cytoskeleton in the neural injury, since we observed that the acute
administration of (PhTe)2 elicited hyperphosphorylation of GFAP,
vimentin and NF subunits 3 days after injection, returning to
control values 6 days afterwards, evidencing that, differently from
striatum, misregulation of the phosphorylating system associated
with IF proteins in the cerebellum was an early and transient
response. Although we are not able to fully understand the
Fig. 5. Effect of (PhTe)2 on IF protein immunoreactivity and quantitative real-time PCR analysis of GFAP, vimentin, NF-L, NF-M and NF-H at day 3 or 6 after (PhTe)2 injection.
Western blot of tissue homogenate (A and C) and of the cytoskeletal fraction (B and D) from cerebellum 3 (A and B) or 6 (C and D) days after treatment. Quantitative real-time
PCR analysis of GFAP, vimentin, NF-L, NF-M and NF-H at day 6 after (PhTe)2 injection (E). Representative Western blots of the proteins studied are shown. Western blot of b-
actin was used as loading control. Data are reported as means  S.E.M. of 8–10 animals and expressed as percent of control. Statistically signiﬁcant differences from canola oil-
treated rats, as determined by one way ANOVA followed by Tukey–Kramer test are indicated: *P < 0.05. NF-H, High molecular weight neuroﬁlament subunit; NF-M, middle
molecular weight neuroﬁlament subunit; NF-L, low molecular weight neuroﬁlament subunit; Vim, vimentin and GFAP, glial ﬁbrillary acidic protein.
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compound, they could be related with the window of vulnerability
of the different structures. Accordingly, NFLSer55 appeared to be a
speciﬁc amino-terminal phosphorylation site targeted by (PhTe)2,
being PKA the most prominent protein kinase mediating this effect.It is important to note that PKA (Ser-55) phosphorylation sites
are relevant for ﬁlament assembly. Like NF-L, PKA-mediated
phosphorylation of the head domain of GFAP inhibits ﬁlament
assembly or induces disassembly (Hisanaga et al., 1994). Therefore,
our results showing NF-LSer55 hyperphosphorylation suggest a
Fig. 6. Flow cytometry analysis 3 and 6 days after (PhTe)2 injection. Propidium iodide (PI) positive cells (A), PI and NeuN positive cells (dead neurons) (B), PI and GFAP positive
cells (dead astrocytes) (C), NeuN positive cells (D). GFAP-positive cells (E). Cells stained only with the secondary antibody were used to set the negative region of the dot plot.
Cells with ﬂuorescence above the negative region of the dot plot were considered stained and counted as neuron (NeuN positive) or astrocyte (GFAP positive). Data are
reported as means  S.E.M. of 8–10 animals and expressed as percent of control. Statistically signiﬁcant differences from canola oil-treated rats, as determined by one way ANOVA
followed by Tukey–Kramer test are indicated: *P < 0.05.
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and disassembling preexisting ﬁlaments.
Hyperphosphorylation of KSP repeats on the carboxyl-terminal
domains of NF-M and NF-H is described to restrict the association of
NFs with kinesin, the axonal anterograde motor protein, stimulating
its interaction with dynein, the axonal retrograde motor protein
(Motil et al., 2006). This event could underlie the neuronal
dysfunction associated with a number of neuropathological condi-
tions, since it is associated with slowed axonal transport (Yabe et al.,
2000). These KSP repeats are major phosphorylating sites targeted
by the MAP kinases (Veeranna Amin et al., 1998).
It is feasible that extensively phosphorylated KSP repeats on
NF-M and NF-H as well as MAPK (Erk, and phospho38MAPK)
activation we found in the cerebellum of (PhTe)2-treated rats at
day 3 after injection could interfere with NF axonal transport and
contribute, at least in part, to the neuronal damage provoked by the
neurotoxin. This is in line with the activation of p38MAPK signaling
pathway in the development of the motor neuron degeneration of
the spinal cord and activation of Erk pathway in the neurotoxicity
in hippocampal neural cells (Paulino et al., 2011).
Interestingly, we are showing in the present report that acute
exposure of 15 day-old rats to (PhTe)2 elicited misregulation of
the homeostasis of the cytoskeleton through similar signaling
pathways in the cerebellum and striatum (Heimfarth et al.,
2012b), but with different windows of susceptibility, reinforcing
the implication of these signaling mechanisms in the toxicity of
the compound.Moreover, activation of caspase 3 at day 6 after (PhTe)2
injection was consistent with data from ﬂow cytometry and
immunohistochemistry, showing neuronal death at this time.
Because activation of caspases, and caspase-3 in particular,
appears to be a major factor for neuronal apoptosis execution in
brain (Yakovlev and Faden, 2001), the evaluation of upstream
modulatory mechanisms is important for understanding the
regulation of the apoptotic process elicited by (PhTe)2.
Inhibited PI3K-Akt pathway that was found in (PhTe)2 injected
rats represents an additional evidence of the apoptotic insult
observed in the cerebellum. Despite the fact that GSK3b is
downstream of PI3K/Akt pathway, in our experimental model of
(PhTe)2-induced neurodegeneration, Akt inhibition is apparently
not implicated in GSK3b (Ser9) hyperphosphorylation, supporting
different signaling pathways downstream of different stressor
events. The present results are in agreement with those found in
the striatum (Heimfarth et al., 2012b), reinforcing once more the
signaling mechanisms implicated in the toxicity of this compound
in different brain structures.
Molecular mechanisms of neurotoxicity include N-methyl-D-
aspartate (NMDA) glutamate receptor-mediated excitotoxicity
(Butterworth, 2010). In this context, extracellular concentrations
of glutamate are maintained at relatively low levels to ensure an
appropriate signal-to-noise ratio and to prevent excessive activa-
tion of glutamate receptors that can result in cell death. The latter
phenomenon is known as ‘excitotoxicity’ and has been associated
with a wide range of acute and chronic neurodegenerative
Fig. 7. Immunohistochemistry for GFAP, NF-L, NeuN and merged at days 3 and 6 after (PhTe)2 injection. The panels obtained by confocal microscopy show increased GFAP and
unaltered NeuN staining, meaning astrogliosis and absence of neuronal death at day 3 after injection in (A). Panel (B) shows increased GFAP staining and decreased NeuN,
indicating persistent astrogliosis and neuronal death at day 6 after (PhTe)2 injection. Merged panels show colocalization of astrocytes and neurons. Representative images of 6
animals. ML = molecular layer; GL = granular layer. Bar scale = 30 mm (magniﬁcation: 40); 50 mm (magniﬁcation: 20).
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cells such as oligodendroglia in multiple sclerosis (Sheldon and
Robinson, 2007). Therefore, it is feasible to propose that our results
showing inhibited 3[H]glutamate uptake at day 6 after injection
could be related with excitotoxic mechanisms. Overstimulation ofthe ionotropic NMDA receptor could result in enhanced calcium
inﬂux, mitochondrial damage (Jahani-Asl et al., 2011; Nguyen
et al., 2011; Yang et al., 2012; Liu et al., 2012), releasing of
cytochrome c and caspase-3 activation (Iriyama et al., 2009). Thus,
we could tentatively establish a causal link between inhibited
Fig. 7. (Continued ).
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action of (PhTe)2.
Reactive astrogliosis is a prominent process leading to the
formation of the glial scar that inhibits axon regeneration after CNS
injury. Upon (PhTe)2 exposure, astrocytes become reactive, taking
into account upregulation of their expression of GFAP andvimentin (Sofroniew and Vinters, 2010; Yu et al., 2012).
Interestingly, the GFAP levels increased at day 3, remaining
upregulated until day 6. At this time vimentin was also
upregulated and mRNA overexpression of these proteins was
conﬁrmed by quantitative PCR. It is interesting to note that mRNA
overexpression was much more important than protein levels
Fig. 8. Effect of (PhTe)2 on caspase (A and B), AKT/PKB (C and D) and GSK3b (E and F) activities 3 (A, C, and E) and 6 (B, D, and E) days after the injection. Representative Western
blots of the proteins studied are shown. b-Actin was used as loading control. Data are reported as means  S.E.M. of 8–10 animals and expressed as percent of control.
Statistically signiﬁcant differences from canola oil-treated rats, as determined by one way ANOVA followed by Tukey–Kramer test, P < 0.05.
Fig. 9. Effect of (PhTe)2 on glutamate uptake in cerebellar slices 3 and 6 days after
injection. Data are reported as means  S.E.M. of 6 animals and expressed as percent
of control. Statistically signiﬁcant differences from canola oil-treated rats, as
determined by one way ANOVA followed by Tukey–Kramer test are indicated:
*P < 0.05.
L. Heimfarth et al. / NeuroToxicology 34 (2013) 175–188186present in the astrocytes at day 6. The real meaning of these
ﬁndings are not understood, however they could be ascribed to the
increased turnover of these proteins in the astrocytes from treated
animals. This hypothesis is also supported by the increased PI
positive astrocytes found concomitantly with increased GFAP
positive cells in the ﬂow cytometry data, suggesting an increased
turnover at day 6.
Also, we found a prominent increase of GFAP level earlier, at day
3, which suggests that astrogliosis preceded neuronal death.
Consistent with the pro-apoptotic effect of (PhTe)2 on cerebellar
neurons at day 6 after the insult, immunohistochemistry showed a
net neuronal death in the cerebellum at day 6. These results
represent the most striking difference between cerebellum and
striatum response to (PhTe)2 and emphasize the higher vulnera-
bility of the cerebellum to this neurotoxic effect. Although
astrogliosis is part of the physiological response following
brain damage, it can have both harmful and beneﬁcial effects
on neuronal survival and axon regeneration, particularly in
L. Heimfarth et al. / NeuroToxicology 34 (2013) 175–188 187neurodegenerative insults (Zhang et al., 2010). It can have
detrimental effects on neuronal survival and axon regeneration,
particularly in neurodegenerative insults. Increased phosphoryla-
tion level of Erk and/or p38MAPK takes part in the response of
astrocytes to insults (Ito et al., 2009). Although the evident
complexity involving the participation of these signaling mecha-
nisms in reactive astrogliosis, different components of MAPK
signaling are activated under distinct pathological conditions and
in different cell types, which may indicate a common mechanism.
Thus, the early activation of MAPKs detected in the cerebellum of
acutely treated rats could be associated with the program of
astrogliosis detected in our experimental condition. In addition, it
is important to note that the different windows of susceptibility
leading to activation of MAPK pathway targeting the cytoskeleton
in the cerebellum compared with those in the striatum (Heimfarth
et al., 2012b) could underlie the differential response of these
structures to the injury. Despite the common mechanisms elicited
by (PhTe)2 in the acutely injected animals, the cerebellum was
more dramatically affected by the neurotoxicant, with signiﬁcant
neuronal death at a time when striatal neurons survived. Further
experiments will be necessary to clarify the molecular basis of
these ﬁndings.
5. Conclusion
The present results shed light into the mechanisms of (PhTe)2-
induced neurodegeneration in the cerebellum of young rats. We
could hypothesize that the cerebellar neurodegeneration following
(PhTe)2 exposure includes disruption of cytoskeletal homeostasis
that could be related with MAPK and PKA activation and reactive
astrogliosis. Akt inhibition observed at this time could also play a
role in the neuronal death evidenced afterwards. The events of the
neurodegenerative process are characterized by persistent astro-
gliosis and activation of apoptotic neuronal death through caspase
3-mediated mechanisms, which could be related with glutamate
excitotoxicity. The progression of these responses are therefore
likely to be critical for the outcome of the neurodegeneration
provoked by (PhTe)2 in rat cerebellum.
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